The chemical stress factors for microbial life at deep-sea hydrothermal vents include high concentrations of heavy metals and sulfide. Three hyperthermophilic vent archaea, the sulfur-reducing heterotrophs Thermococcus fumicolans and Pyrococcus strain GB-D and the chemolithoautotrophic methanogen Methanocaldococcus jannaschii, were tested for survival tolerance to heavy metals (Zn, Co, and Cu) and sulfide. The sulfide addition consistently ameliorated the high toxicity of free metal cations by the formation of dissolved metal-sulfide complexes as well as solid precipitates. Thus, chemical speciation of heavy metals with sulfide allows hydrothermal vent archaea to tolerate otherwise toxic metal concentrations in their natural environment.
Hyperthermophilic archaea grow in the steep thermal and chemical gradients in hydrothermal vent chimney rock; in this habitat, they are exposed to metal-and sulfide-rich vent fluid, which is transported through the porous chimney matrix with concomitant precipitation of metal-sulfides and -sulfates and in some chimney silica (15) upon mixing with seawater. Although metal and sulfide concentrations in the rock matrix have not been measured in situ, end-member concentrations represent upper-limit approximations. Sulfide concentrations are typically in the millimolar range and can be higher than 12 mM. Metal concentrations are typically in the range of 10 to 40 M for Cu, 20 to 220 nM for Co, and 40 to 780 M for Zn (8, 30) . Site-specific peak concentrations can reach 1 to 2 M for Co (22) and 1,000 to 3,000 M for Zn (30) . The chemical speciation of metals and sulfide, in particular metal-sulfide complex formation, might play a critical role in shaping the environmental niches and survival strategies of hydrothermal vent microorganisms. Metal-sulfide complexes play an important role in biological contexts (23) , for example, by relieving cadmium toxicity to amphipods in marine sediments (6) and by influencing the distribution of hydrothermal vent invertebrates such as Riftia pachyptila and Alvinella pompeiana (19) .
For hydrothermal vent archaea, efforts to characterize their growth conditions and survival capabilities have focused on extremes of temperature and pH, oxygen sensitivity, and electron acceptor and donor range (13, 27) . Genomic information on metal tolerance and metabolism is limited to tentatively identified metal transport proteins (primarily Co, Cu, and Fe transporters) in the genomes of Pyrococcus furiosus, P. abyssi, P. horikoshii (http://www.ncbi.nlm.nih.gov), and Methanocaldococcus jannaschii (4, 26) . As a consequence, the tolerances of vent archaea to the high concentrations of metals in their native habitat, their response to the chemical speciation of those metals, and their defense mechanisms against these environmental stress factors have remained largely obscure. Silver (26) has pointed out that a surprisingly small number of detoxicification genes appear to be present in the genome of M. jannaschii given its high-metal habitat in hydrothermal vent chimneys.
In order to define the physiological limits of hyperthermophilic microbial communities in their natural habitat, within and on the chimney rock matrix, we investigated the tolerances of hyperthermophilic hydrothermal vent archaea to extremes of temperature, pH, pressure, sulfide, and potentially toxic metals. In this study, we focus on the effects of metals and sulfide. To understand metal toxicity in the context of metalsulfide complexation in their habitat, we tested survival of three hyperthermophilic vent archaea, Thermococcus fumicolans (9) , Pyrococcus strain GB-D (13), and M. jannaschii (14) in increasing concentrations of three metals (Co, Cu, and Zn) found in hydrothermal vent fluids and in increasing concentrations of sulfide. Copper was chosen due to its known high toxicity for several groups of archaea and bacteria and as a toxic model compound that microorganisms tolerate to only a very limited degree (1, 25) . Cobalt and zinc were selected as typical heavy metals in hydrothermal environments that are tolerated in limited measure by vent archaea (16) . The three strains were selected as representatives of heterotrophic and autotrophic archaeal genera with cosmopolitan distribution patterns at hydrothermal vents and potentially within hydrothermal subsurface habitats worldwide (15) . M. jannaschii was isolated from sedimentary material at the base of a "white smoker" chimney at 21°N East Pacific Rise (14) . T. fumicolans was isolated from chimney fragments in the North Fiji Basin (9) . These two strains were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Pyrococcus strain GB-D was isolated from chimney scrapings in the Guaymas Basin and maintained in our laboratory (13) .
Anaerobic growth media and culture conditions. Sulfur-containing half-strength Marine Broth 2216 (Difco) medium (diluted with artificial seawater) was supplemented with 6.93 g of PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] buffer per liter and 0.8 mg of resazurin per liter for the heterotrophs (13 (14), and for the heterotrophs, optimal growth conditions included pH 7.5 and 90°C, with N 2 headspace. Fresh cell inocula were grown for at least 20 h prior to each experiment.
Anaerobic survival media and survival tests at selected dissolved metal concentrations. Survival medium (pH 5) for the heterotrophs was prepared by adding 0.82 g of CH 3 COONa per liter, 0.80 mg of resazurin per liter, and 96 mg of Na 2 S · 9H 2 O per liter to Turk's Island artificial seawater (13) . For the methanogen, DSMZ medium 282 seawater was supplemented with 1 mg of resazurin per liter, 9.75 g of MES [2-(N-morpholino)ethanesulfonic acid] buffer per liter, and 96 mg of Na 2 S · 9H 2 O per liter and set to pH 6. Both survival media were prepared and dispensed anaerobically under N 2 .
Freshly grown cells of T. fumicolans, Pyrococcus strain GB-D, and M. jannaschii were transferred to survival media (see below) and exposed to dissolved metal concentrations in the range of 1 M to 10 mM for up to 48 h. The metal survival medium did not contain electron donors (organic substrates in the case of T. fumicolans and Pyrococcus strain GB-D and hydrogen in the case of M. jannaschii) or elemental sulfur, to prevent cell growth and biological production of sulfide. This avoided difficulties in interpreting experiments in growth media where biological sulfide production changes the metal equilibrium chemistry and partial chelation of heavy metal ions occurs. Since changes in pressure complicate metal speciation, experiments were conducted at 1 atm. Glassware was acid washed. The metal survival tests were performed at pH 5.0 and 90°C for T. fumicolans and Pyrococcus strain GB-D and at pH 6.0 and 82°C for M. jannaschii. These pHs approximate the natural acidic pH (range, 3.1 to 5.9) of hydrothermal vent end-member fluids (30) and chimney walls (29) while minimizing precipitation of metals as oxyhydroxides at the highest metal concentrations. Extensive pre-experiments demonstrated that pH 5 for Thermococcales and pH 6 for Methanocaldococcus were the lowest pH values that did not affect survival (data not shown). No difference in survival was found at these pHs compared to tests using published optimal pHs for these archaea.
Overnight growth cultures (cell densities of approximately 3 ϫ 10 8 cells/ml) were used to inoculate survival media to 10 6 cells/ml, representing 0.3% of the final volume of survival test media. Survival media containing 10 6 cells/ml and appropriate metal concentrations were distributed in 15-ml (heterotrophs) and 10-ml (methanogen) aliquots into four Hungate tubes for each combination of metal and sulfide. Zero millimolar sulfide medium was prepared by adding 0.4 mM sulfide to remove oxygen and then bubbling the solution anaerobically with nitrogen to strip off dissolved hydrogen sulfide. The final 0 mM sulfide concentration was confirmed by the Cline assay (5). Metals were added after sulfide concentrations had been established and confirmed. Aqueous anaerobic sulfide solution was added to produce the desired concentrations, and tubes were incubated at optimal temperature and 1 atm.
Survival was assessed by using a decimal dilution series method. After 6, 12, 24, and 48 h, a tube of each cell suspension was diluted into a six-step, 10-fold dilution series in fullgrowth medium and incubated at optimal temperature and 1 atm for at least 5 days. Tubes were checked periodically for regrowth on the basis of visible turbidity and microscopic examination. For each organism, survival at specific metal concentrations was also confirmed by triplicate most-probablenumber dilution series (data not shown).
Metal-sulfide speciation. For each metal studied, sulfide forms dissolved complexes with divalent metal cations [equation 1; note that metal-sulfide complexes have numerous stoichiometries, e.g., MHS ϩ , M(HS) 2 , and M 2 S 3 ] (17, 23) until the solubility product (K sp ) is exceeded (equation 2):
where K is the stability constant for the aqueous metal-sulfide complex. Metal-sulfide precipitation occurred during medium preparation for higher-metal-concentration treatments, and such precipitates may have partially dissolved during the elevated temperature of experiments (e.g., the solubility product of sphalerite increases with temperature) (3, 10), depending on the kinetics of dissolution. Metal-sulfide clusters likely formed during complexation and precipitation (23); these clusters are a major component of metal speciation prior to condensation and precipitation. For example, Zn sulfide complexes can accumulate in micromolar concentrations as aqueous clusters with stoichiometries of Zn 4 S 6 4Ϫ with the ion activity product in excess of the solubility product (18) . Due to the complexity of this metal-sulfide chemistry, we refer to metal-sulfide complexes rather than specific stoichiometries.
Metal toxicity and its amelioration by sulfide. Metal toxicity was observed in the range of 1 to 100 M total Cu, Co, and Zn in sulfide-free tests. Although strain-and metal-specific differences were apparent, sulfide always ameliorated metal toxicity if present in concentrations in the same order of magnitude or larger than the metal tested ( Fig. 1, 2, and 3 ). These metal resistances show the effectiveness of metal-sulfide complex for- 2552 EDGCOMB ET AL. APPL. ENVIRON. MICROBIOL. mation for Zn, Cu, and Co. Metal toxicity is known to be correlated with free metal concentration (M 2ϩ ) (28) , and the addition of sulfide to the media resulted in the formation of dissolved metal-sulfide complexes at low metal concentrations that greatly reduced free metal concentrations followed by precipitation of metal-sulfides at higher concentrations. These metals differ in their geochemistry, with Zn and Cu forming stronger complexes with sulfides and precipitating at lower free metal concentrations than Co, resulting in extremely low free metal concentrations in the presence of sulfides (Table 1) .
Sulfide alleviated metal toxicity for all three organisms. This occurred when the metals existed primarily as aqueous metalsulfides and continued when precipitates formed, once concentrations of aqueous metal-sulfides (and corresponding free metal concentrations) exceeded their solubility limit. Sulfide reduced Cu toxicity for T. fumicolans at 1 M Cu, indicating the importance of soluble CuHS ϩ complexes. Further, sulfide reduced Cu toxicity at a high Cu concentration (1,000 M) where solid precipitates were observed (Fig. 1c) . CuS precipitates were not observed below 10 M Cu, while significant CuS precipitates occurred at 100 M Cu and above. Pyrococcus strain GB-D showed the effectiveness of soluble ZnS (aq) complex formation in ameliorating Zn toxicity (Fig. 2b) . While Zn without sulfide was rapidly fatal at 1 M, Zn tolerance in the presence of sulfide extended to 100 M, where zinc speciation was dominated by soluble ZnS (aq) complexes, and continued to 1,000 M in the presence of precipitates (Fig. 2b) . Sulfide ameliorated cobalt toxicity for M. jannaschii between 1 and approximately 100 M cobalt, within the range of soluble CoHS ϩ complexes, and continued into the range of CoS precipitation above 10 M (Fig. 3a) . CoS precipitates appeared at 10 M Co, close to calculated values.
Significance for the hydrothermal vent environment. Metals in the vent fluids are known to be complexed predominantly by chloride complexes at very high temperatures and low pH values (22) . Subsequent mixing with surrounding seawater creates relatively cooler and higher-pH environments favored by extremophiles (ϳ100°C and pH 5 to 6). During this cooling, a transition from chloride complexation of metals to sulfide occurs (at ϳ200°C for Zn species) as the stability of chloride complexes decreases at lower temperatures (3). This metalsulfide complex formation facilitates the survival of archaea in chimney walls and flanges where they are exposed to high temperatures and high metal and sulfide concentrations. Naturally occurring end-member concentrations of Cu (10 to 44 M) (8) exceed the range that can be tolerated without soluble sulfide complex formation (Fig. 1c, 2c, and 3c) . Zn concentrations (40 to 780 M) (8, 22) reach the range for which sulfide amelioration is required for survival (Fig. 2b and 3b) . However, Co concentrations in end-member fluids (22 to 227 nM) (8) M) . Concentrations of Co-and Zn-acetic acid complexes were small relative to chloro complexes. pHs of 5 and 6 were used for sulfide-free and sulfide treatments based on experimental conditions. b Without sulfide, metal chloro species dominate. c Zinc-free ion concentrations are calculated at room temperature by using stability constants for ZnS and Zn(HS) 2 (17, 31) and for chloro complexes (NIST database [see above]). In parentheses, zinc-free ion concentrations are calculated by using stability constants determined at 100°C (3) for Zn chloro complexes and Zn(HS) 2 and Zn(HS) 3 Ϫ . The differences in results between temperatures are due to incomplete stability constant data for higher temperatures as well as more sensitive voltammetric methods for determining stability constants at room temperature.
d Calculated using stability constants determined at room temperature (17, 31) .
e Cu sulfide species were not modeled due to uncertainties in the kinetics of the redox reactions [Cu(II) can be reduced to Cu(I) by sulfide under environmentally relevant conditions], yet stability constants and previous studies have shown that Cu is strongly complexed by sulfides (7, 31 for T. fumicolans and Pyrococcus strain GB-D (Fig. 1a and 2a) . In situ chemical speciation data are not available for Cu, Zn, or Co at hydrothermal vents; in situ Fe speciation is dominated by FeS (aq) species (19) . Hence, it is also likely that sulfide rather than organic complexes dominates Cu, Zn, and Co speciation at hydrothermal vents. In previous growth experiments, relatively high metal tolerances were found for members of the order Thermococcales from the Lau Basin hydrothermal sites (0.1 to 2 mM Co and 0.5 to 5 mM Zn) (16) . These actively metabolizing cells, growing in media containing organic substrates and cysteine, likely detoxified their media through metal-sulfide complex formation. Sulfide production should be considered when comparing inhibition studies for different microorganisms and metals. In Cu tolerance tests for the nonhydrothermal vent methanogen Methanobacterium thermoautotrophicum, growth was temporarily inhibited at 0.16 M Cu and totally inhibited at 0.8 M; similar inhibitory concentrations were found for other heavy metals and autotrophic methanogens (1) . The lack of organic compounds in autotrophic media, or the absence of sulfide production by methanogens, may contribute to this high sensitivity relative to the Thermococcales.
Summary. Classically, metal complexation in surface waters has been shown to involve organic metal complexes that either reduce metal toxicity or supplement nutrition (via iron reductases, siderophores, and metallophores) to unicellular marine organisms (12, 20, 24, 28) . In the hydrothermal vent environment, metal complexation appears to play a role in reducing metal toxicity via metal-sulfide complexes. Typically, inorganic complexes are sufficiently weak enough that they are thought to be bioavailable (for example, chloro or hydroxy compounds) (11) . However, in this study, inorganic metal-sulfide complexes reduce the toxicity of these metals to the Archaea, most likely by decreasing metal bioavailability. Due to their high stability constants and chemical inertness, metal-sulfide complexes can act as a natural metal buffer that remains stable and oxidation resistant for weeks (23) , protecting vent archaea against what would otherwise be toxic concentrations of metals. The decrease in toxicity may be due to a decreased uptake of metals once present as metal-sulfide complexes, or alternatively, it may be due to a lessened toxicity of metal-sulfide complexes once inside the cell. While these data cannot differentiate between these two possibilities, the presence of organic metal complexes (e.g., CoEDTA) is known to greatly reduce metal uptake in cyanobacteria (24) . Future studies with Archaea can determine if a similar phenomenon occurs with metal-sulfide complexes.
These results indicate that not only organic ligands but also metal-sulfide complexes have the potential to affect metal bioavailability. Both metal organic and metal-sulfide complexes are sufficiently strong to slow the kinetics of dissociation, which results in lowered exposure of free metal cations to the organism. In the surface ocean, metal speciation has been shown to play an important role in reducing copper toxicity to cyanobacteria by the complexation of copper with organic complexes (12, 21) . Similarly, the chemical speciation of metals as metalsulfide complexes may be important for the survival of archaeal communities at deep-sea hydrothermal vents. The ability of hydrothermal vent archaea to survive extreme metal concentrations may not be due solely to a physiological or genetic capability (26) as has been suggested for protists at vent sites (2) . Additionally, metal-sulfide complex formation acts as a chemical defense mechanism that buffers the concentration of bioavailable metals before physiological detoxification reactions set in.
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